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HIGHLIGHTS 


►  The  FePc  supported  on  various  carbon  was  used  as  an  air  electrode  for  Li— air  batteries. 

►  The  FePc/carbon  catalysts  exhibited  the  high  catalytic  activity  of  ORR. 

►  The  FePc/CNTs  showed  a  good  discharge  performance  and  stable  cycling  performance. 
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Non  noble  metal  catalysts  of  cathode  electrode  for  Li— air  battery  with  hybrid  electrolyte  were  prepared 
by  the  combination  between  Fe  phthalocyanine  (FePc)  and  different  kinds  of  carbon  such  as  graphene 
nanosheet  (GNS),  multi-wall  carbon  nanotubes  (MWCNTs)  and  acetylene  black  (AB).  The  oxygen 
reduction  reaction  (ORR)  of  these  FePc  supported  on  carbon  catalysts  in  alkaline  media  was  studied.  The 
onset  potential  of  ORR  for  FePc  supported  on  carbon  shows  -0.01  V  vs.  Ag/AgCl,  which  is  near  that  of 
20  wt%  Pt/CB.  Furthermore,  rotating  disk  electrode  (RDE)  measurements  show  that  the  ORR  mechanism 
is  4-electron  pathway  for  all  FePc  supported  on  carbon.  It  is  considered  that  the  combination  between 
FePc  and  carbon  materials  leads  to  synergic  effect  of  electrocatalytic  activity  toward  ORR.  Moreover,  the 
electrochemical  performance  of  Li— air  batteries  exhibit  that  the  FePc/CNTs  not  only  provided  a  good 
discharge  performance,  but  also  showed  a  much  more  stable  cycling  performance  than  those  of  FePc/ 
GNS  and  FePc/AB.  It  is  thus  considered  that  the  electrochemical  performance  of  U— air  battery  is 
dependent  on  the  kind  of  carbon  materials. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  Li— air  battery  has  attracted  much  more  attention  due  to  its 
extremely  high  theoretical  specific  energy  density  because  the  use  of 
negative  lithium  metal  provides  a  rather  high  voltage  of  3  V  [1—3], 
Considering  the  operational  voltages  2.9— 3.1  V  for  system  using 
non-aqueous  electrolyte,  the  theoretical  energy  density  based  on  Li 
electrode  can  be  about  3600  W  h  kg-1,  which  includes  a  cathodic 
reaction  of  2Li+  +  O2  +  2e  — >  Li202  and  an  anodic  reaction  of 
2Li  +  2e_  — >  2Li+  [4],  3600  W  h  kg  1  is  based  on  the  total  mass  of 
oxygen  and  lithium.  The  Li-air  batteries’  with  aqueous  electrolyte 
energy  density  will  be  a  little  lower  than  that  of  the  Li-air  batteries 
with  non-aqueous  electrolyte.  However,  the  Li-air  batteries 
with  non-aqueous  electrolyte  have  still  some  critical  problems  such 
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as  air  electrode’s  clogging  and  organic  liquid  electrolyte’s  decom¬ 
position  during  the  discharge  process.  These  problems  lead  to 
a  short  life  of  non-aqueous  Li— air  battery. 

Recently,  the  Li— air  batteries  with  aqueous  electrolyte  represent 
an  alternative  approach  to  overcome  these  problems.  Zhang  et  al. 
have  reported  that  the  Li/PEO  18  LiTFSI/LTAP/aqueous  LiCl/Pt  air  cell 
showed  a  stable  open-circuit  voltage  of  3.70  V  at  60  °C  for  2  months 
[5].  Our  group  also  has  developed  a  new  type  rechargeable  Li-air 
battery  based  on  a  hybrid  electrolyte  with  an  aqueous  electrolyte 
in  the  air  electrode  side  [6,7], 

Generally,  the  platinum  (Pt),  platinum-based  catalysts  and 
metal  oxide  such  as  Mn203,  Fe203,  CuO,  supported  by  carbons,  have 
been  used  as  a  cathode  electrode  for  Li-air  battery  [6,8],  We  have 
also  reported  that  the  Li— air  battery  based  on  Mn203  supported 
carbon  as  a  cathode  electrode  with  a  hybrid  electrolyte;  it  showed 
the  longer  discharge  time  and  stability  for  the  discharge  process. 
However,  there  are  some  problems  to  overcome  as  regards  the 
secondary  battery,  especially  the  poor  cycle  performance.  Thus  it  is 
necessary  to  find  the  efficient  and  durable  of  cathode  catalysts  for 


430 


E.  Yoo,  H.  Zhou  /  Journal  of  Power  Sources  244  (2013)  429-434 


oxygen  reduction  reaction  (ORR)  alternatives  to  Pt  and  metal  oxide 
supported  carbon. 

Recently,  studies  have  implied  that  the  iron  phthalocyanine 
(FePc)  is  promising  catalyst  for  the  ORR  [9,10],  Though  much  effort 
has  been  made  for  developing  ORR  catalysts,  there  are  some 
problems  in  using  it  as  a  cathode  electrode.  For  examples,  the  poor 
electron  conductivity  of  FePc  made  the  electron  transfer  in  the  ORR 
process  difficult.  To  solve  the  problem,  the  FePc  was  supported  on 
the  high  surface  carbon  area  substrate  such  as  Vulcan  XC-72  and 
carbon  black  [11  ].  However,  the  ORR  stability  still  needed  a  further 
improvement.  Dong  et  al.  have  reported  that  the  FePc  loaded  on 
single-walled  carbon  nanotubes  (SWCNTs)  showed  the  good  cata¬ 
lytic  activity  of  ORR  and  stability  [12],  Although  the  FePc  loaded 
on  SWCNTs  exhibited  the  high  catalytic  activity,  the  price  of 
SWCNTs  is  very  expensive  to  use  the  substrate  of  catalysts.  Thus,  it 
is  necessary  to  find  a  carbon  substrate  with  good  conductivity  and 
low-cost  to  consider  the  promising  electrocatalysts  of  energy 
device  of  future. 

Here,  we  report  the  effect  of  carbon  substrate  for  FePc  supported 
on  various  carbon  materials  and  study  not  only  the  ORR  activity,  but 
also  electrochemical  performance  of  Li— air  battery  with  a  hybrid 
electrolyte.  The  graphene  nanosheet  (GNS),  multi-walled  carbon 
nanotubes  (MWCNTs)  and  acetylene  black  (AB)  were  used  as 
a  carbon  substrate.  It  is  expected  that  the  FePc  can  be  easily 
adsorbed  on  CNTs  and  GNS  via  non-covalent  7t— tt  interactions 


facilitating  the  electron  transfer  process  and  stabilizing  the 
systems.  Cyclic  voltamperometry  (CV)  and  rotating  disk  electrode 
(RDE)  measurement  were  performed  to  explore  the  electrocatalytic 
activity  toward  the  ORR.  The  electrocatalytic  activity  of  FePc/carbon 
for  Li— air  battery  base  on  the  hybrid  electrolyte  with  alkaline  media 
was  studied  by  examining  their  discharge  and  cycle  performance. 

2.  Experimental 

GNS  were  obtained  using  precursor  graphite  as  a  starting 
material  through  the  chemical  reduction  of  graphene  oxide  in 
solution  [13],  The  reduction  of  graphite  oxide  was  carried  out 
stirring  with  hydrazine  hydrate  at  room  temperature  for  24  h,  then 
washed  with  distilled  water  until  neutral  and  dried  at  room 
temperature  for  24  h  to  obtain  the  GNS.  The  MWCNTs  were 
purchased  from  micro  phase  company,  which  were  prepared  by 
a  catalytic  decomposition  method  of  hydrocarbons.  The  FePc  sup¬ 
ported  on  various  carbon  materials  was  prepared  by  the  following 
procedure.  The  carbon  materials  (GNS,  MWCNTs,  and  AB)  of 200  mg 
were  dispersed  in  the  ethanol  with  ultrasonification  for  30  min,  and 
then  add  the  solution  which  dispersed  FePc  of  100  mg  in  the 
ethanol.  Consequently,  the  mixed  solution  was  ultrasonicated  for 
1  h  and  stirred  at  80  °C  to  evaporate  the  ethanol. 

The  oxygen  reduction  reaction  (ORR)  activity  was  tested  by 
using  rotating  disk  electrode  (RDE)  with  a  three-electrode  grass 


Potential/  V  vs.Ag/AgCl  Potential/  V  vs.Ag/AgCl 

Fig.  1.  CV  curves  of  ORR  for  FePc/GNS  (a),  FePc/CNTs  (b),  FePc/AB  (c)  and  20  wt%  Pt/CB  (d)  in  alkaline  media  (1  M  LiN03  +  0.5  M  LiOH)  at  the  scan  rate  of  20  mV  s  '  with  rotation  rate 
of  500  rpm  in  nitrogen  gas  or  pure  oxygen  gas. 
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cell,  in  the  1  M  LiNC>3+0.5  M  LiOH  at  room  temperature,  under 
a  flow  of  nitrogen  gas  or  pure  oxygen  gas.  Catalysts  were  loaded 
onto  a  glassy  carbon  electrode  (0.28  cm2)  with  diluted  (1:50  in 
methanol)  5  wt%  Nation  solution  (Aldrich).  The  working  electrode 
was  a  catalyst  supported  on  a  glassy  carbon  disk,  the  counter 
electrode  was  a  platinum  and  a  silver/silver  chloride  electrode  (Ag / 
AgCl)  was  used  as  the  reference  electrode. 

The  electrochemical  test  set  up  for  Li-air  battery  with  hybrid 
electrolyte  was  described  in  previous  work  of  our  group  [6],  1  M 
LiClC>4/ED/DEC  was  used  as  the  organic  electrolyte  and  1  M 
LiNC>3+0.5  M  LiOH  was  used  as  the  aqueous  electrolyte.  Then,  the 
solid  state  electrolyte  Li ,  +x^yAlx(Ti ,Ge )2 _xSiyP3 _yO 1 2  (L1SICON)  film 
was  used  as  the  separating  membrane  between  organic  electrolyte 
and  aqueous  electrolyte  to  prevent  intermixes  between  the  two 
solutions.  The  catalysts  paste  was  prepared  by  following  procedure. 
The  catalyst  (FePc/GNS,  FePc/AB  and  FePc/CNTs,  respectively)  (90%), 
polytetrafluoroethylene  (PTFE)  (7%)  and  AB  (3%)  were  well  mixed, 
and  then  was  rolled-pressed  into  a  sheet  to  form  catalytic  layer.  The 
gas  diffusion  layer  was  prepared  by  mixing  the  AB  (60%)  and  PTFE 
(40%),  and  then  was  rolled  to  form  film.  Consequently,  the  air 
catalytic  layer  was  prepared  by  pressing  the  catalytic  layer  and  gas 
diffusion  layer  onto  nickel  mesh.  The  cells  were  discharged  at  the 
current  density  of  0.5  mA  cm-2  for  24  h  in  an  ambient  air  condition. 
The  charge-discharge  performance  was  carried  out  in  the  voltage 
range  from  2  to  4.8  V  at  the  current  density  of  0.5  mA  cm-2  for  2  h, 
respectively. 

The  FePc/GNS,  FePc/AB  and  FePc/CNTs  were  characterized  by 
scanning  electron  microscope  (SEM)  and  Raman  spectroscopy 
(Ventuno21,  JASCO,  Tokyo).  A  commercial  20  wt%  Pt/carbon  black 
(CB)  (Johnson  Matthey)  was  also  used  as  a  reference  at  same 
investigation  conditions  to  compare  the  ORR. 

3.  Result  and  discussion 

Fig.  1  shows  the  cyclic  voltammogram  (CV)  of  ORR  for  FePc/GNS, 
FePc/CNTs,  FePc/AB  and  20  wt%  Pt/CB  at  the  scan  rate  of  20  mV  s”1 


with  rotation  rate  of 500  rpm  in  nitrogen  gas  or  pure  oxygen  gas.  The 
onset  potential  of  ORR  for  the  FePc/GNS,  FePc/CNTs  and  FePc/AB 
started  at  about  -0.01  V  versus  Ag/AgCl.  As  expected,  the  onset 
potential  of  ORR  for  20  wt%  Pt/CB  shows  at  0.01  V  versus  Ag/AgCl. 
Furthermore,  the  current  density  at  the  overpotential  of  -0.1  V 
versus  Ag/AgCl  was  -1.49,  -0.64,  -1.95  and  -0.42  mA  cm-2  for  the 
FePc/CNTs,  FePc/GNS,  FePc/AB  and  20  wt%  Pt/CB,  respectively. 
Interestingly,  the  FePc  supported  on  various  carbon  materials  show 
the  high  value  of  current  density  at  -0.1  V  versus  Ag/AgCl,  compared 
with  20  wt%  Pt/CB,  even  though  the  onset  potential  of  ORR  was 
lower  than  that  of  20  wt%  Pt/CB.  It  is  thus  considered  that  the  FePc 
supported  on  various  carbon  had  much  higher  catalytic  activity 
toward  oxygen  reduction. 

Fig.  2(a-d)  gives  the  linear  sweep  voltammogram  (LSV)  curves 
obtained  for  FePc/carbon  and  20  wt%  Pt/CB  under  the  alkaline 
condition  in  the  saturated  pure  O2  at  different  rotation  rate  from 
300  to  1500  rpm  at  the  scan  rate  of  20  mV  s-1  to  investigate  the 
number  of  electrons  involved  in  the  ORR  as  well  as  ORR  mecha¬ 
nism.  The  polarization  curves  of  FePc/carbon  and  20  wt%  Pt/CB 
display  current  plateaus  in  the  high  polarization  range.  The  mass 
transport  limiting  ORR  current  for  all  measured  samples  was 
reached  at  -0.15  V.  However,  the  ORR  limiting  currents  for  FePc/ 
carbon  were  higher  than  those  for  the  20  wt%  Pt/CB  under  the  same 
rotation  rate.  The  electrochemical  reduction  of  O2  is  a  multi¬ 
electron  reaction  that  has  two  main  possible  pathways.  One  is  the 
transfer  of  two  electrons  to  produce  H2O2  and  the  other  is  a  direct 
four-electron  pathway  to  produce  water.  In  order  to  investigate 
further  the  ORR  activity  of  FePc/carbon,  the  transferred  electron 
number  per  oxygen  molecules  involved  in  the  ORR  process  was 
analyzed  by  RDE  to  obtain  the  slope  of  Koutcky— Levich  (K— L)  plots. 
The  Koutcky— Levich  (K— L)  equation  was  followed  [14,15]. 

1  _  1  J_ 

7  ~  jk  +  B(J 

where  j  represents  the  measured  current  density,  jk  is  the  kinetic 
current  density,  and  10  is  the  rotation  rate  of  the  electrode.  B  could 


(-0.3,  -0.4  and  -0.5). 
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Current  density:  0.5  mAcm’2 

3.2  - 

_ _ _ _ FePc/CNT 

3.0  - 1 - — - 1 -  -  . ----- . 1  - 

FePc/GNS 

H  FePc/AB 

2.6  L _ I _ I _ 1 _ I _ L= 

0  5  10  15  20  25 

Discharge  time/  hour 

Fig.  3.  Discharge  curves  of  FePc  supported  on  various  carbon  materials  in  alkaline 
condition  (1  M  LiN03  +  0.5  M  LiOH)  at  current  density  of  0.5  mA  cm-2  for  24  h. 

be  calculated  from  the  slope  of  K— L  plots  based  on  the  Levich 
equation  as  follows: 

B  =  0.2nF(Do2)McO2 


where  n  is  the  number  of  electrons  transferred,  F  is  the  Faraday 
constant  (F  =  96485  C  mol-1),  Dq2  is  the  diffusion  coefficient  of  O2 
gas,  v  is  the  kinetic  viscosity  of  1.0  M  LiN03  +  0.5  M  LiOH  solution, 
and  Co2  is  the  concentration  of  O2  gas  in  dilute  aqueous  solution. 
Fig.  2(e— h)  shows  the  Koutcky— Levich  (K-L)  plots  of  (1/j)  vs.  w1^2  at 
a  fixed  potential  (-0.3,  -0.4  and  -0.5)  on  the  FePc/carbon  and 
20  wt%  Pt/CB  electrode  derived  from  the  data  in  Fig.  2(a— d).  These 
Koutcky- Levich  (K-L)  plots  show  good  linearity  with  parallelism 
suggesting  a  first-order  dependence  of  O2  kinetics  on  all  electrodes. 
Moreover,  it  is  well  known  that  the  oxygen  reduction  reaction  by  Pt / 
CB  proceeds  via  a  direct  4-electron  pathway  without  the  formation 
of  H2O2  in  an  acidic  or  an  alkaline  media  [16,17],  Therefore  it  is 
possible  to  gain  a  further  understanding  of  the  ORR  pathway  by 
FePc/carbon  through  comparative  K— L  plots.  In  this  study,  the 
number  of  electrons  transferred  for  20  wt%  Pt/CB  was  assumed  to  4- 
electron.  According  to  the  K— L  equation,  the  number  of  electrons 
transferred  for  ORR  in  FePc/GNS,  FePc/CNTs  and  FePc/AB  was 
calculated  to  be  about  4.1,  3.5,  and  3.6,  respectively.  These  results 
suggested  that  the  ORR  catalyzed  on  FePc/carbon  is  a  close  4- 
electron  reduction  process  leading  to  the  formation  of  H2O.  It  is 
thus  indicated  that  the  FePc  played  an  important  role  for  catalysts 
for  ORR,  because  it  is  reported  that  the  reaction  of  only  carbon 
electrode  is  far  less  than  four-electron  reaction  [18],  Based  on  the 
result,  we  also  considered  that  the  combination  between  FePc  and 
carbon  materials  promoted  the  electrocatalytic  activity  for  ORR. 

The  electrochemical  performance  of  FePc/GNS,  FePc/AB  and 
FePc/CNTs  was  tested  by  using  Li-air  batteries  with  hybrid  elec¬ 
trolyte.  Fig.  3  gives  the  discharge  curves  of  FePc/GNS,  FePc/AB  and 
FePc/CNTs  at  a  current  density  of  0.5  mA  cm-2  for  24  h.  The 
discharge  voltage  was  3.03,  3.0  and  2.9  V  for  FePc/CNTs,  FePc/GNS 


Fig.  4.  Cyclic  performances  of  FePc/GNS  (a),  FePc/CNTs  (b),  and  FePc/AB  (c) ; 
measured  samples  (d). 


i  cycle.  The  voltage  gap  between  discharge  and  charge  for  all 
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Raman  shift/  cm'1 


Fig.  5.  Raman  spectroscopy  of  FePc  supported  on  various  carbon  materials  and  FePc. 

and  FePc/AB,  respectively.  Moreover,  the  capacity  was  632.4,  865.6 
and  795.4  mA  h  g-1  for  FePc/CNTs,  FePc/GNS  and  FePc/AB,  respec¬ 
tively.  This  data  shows  that  the  electrochemical  performance  of  Li- 
air  batteries  was  dependent  on  the  kinds  of  nanocarbon  support 
materials.  These  high  electrochemical  performances  of  FePc/CNTs 
and  FePc/GNS  in  comparison  with  the  FePc/AB  are  considered  to 
derive  from  the  more  efficient  formation  of  triple-phase  boundaries 
around  dispersed  FePc  on  the  CNTs  forming.  The  high  conductivity 
of  CNTs  and  GNS  is  also  considered  to  contribute  to  the  high  elec¬ 
trochemical  performance.  Furthermore,  we  have  reported  that  the 
discharge  voltage  of  20  wt%  Pt/CB  exhibited  about  3.05  V  in  the 
same  condition  previously  [7],  This  means  that  the  FePc/CNTs 
exhibits  an  excellent  catalytic  activity  of  ORR,  which  shows  the  near 
that  of  20  wt%  Pt/CB.  It  is  thus  considered  that  the  CNTs  are  expected 
as  a  promising  carbon  substrate  for  electrocatalysts  for  Li-air 
battery.  However,  this  discharge  performance  did  not  agreed  with 


the  catalytic  activity  of  ORR,  which  showed  the  same  onset  potential 
of  ORR  for  all  samples.  Although  the  reason  why  the  difference  of 
discharge  performance  depends  on  carbon  substrate  is  not  clear  for 
FePc  supported  on  various  carbon  materials,  it  is  considered  that  the 
problems  are  the  cathode  electrode  fabrication  such  as  the  efficient 
formation  of  the  triple-phase  boundaries  of  gas-electrode— 
electrolyte  and  the  contact  of  the  catalyst— electrolyte  interface. 
This  weak  point  is  being  studied  further. 

The  cyclic  performance  of  the  cathode  electrode  is  very  impor¬ 
tant  to  use  the  Li— air  battery  as  a  secondary  battery.  In  order  to 
investigate  the  stability  of  FePc/carbon  for  Li— air  battery  with 
hybrid  electrolyte,  the  cyclic  performance  for  all  measured  samples 
were  carried  out  at  a  current  density  of  0.5  mA  cm~2  for  2  h  to  each 
charge  and  discharge  at  30th  cycle  under  the  alkaline  condition. 
Fig.  4(a— c)  gives  the  cycle  performance  curves  obtained  for  FePc/ 
GNS,  FePc/CNTs  and  FePc/AB.  The  cycling  behavior  of  FePc/GNS  and 
FePc/CNTs  showed  the  stability  after  5th  cycle.  In  contrast,  the  FePc/ 
AB  showed  the  very  stable  cyclic  performance.  Fig.  4d  shows  the 
voltage  gap  between  discharge  and  charge  obtained  for  all 
measured  samples  to  investigate  the  overpotential  of  cathode 
electrode.  At  1st  cycle,  the  difference  voltage  between  discharge 
and  charge  is  0.67,  0.85  and  1.05  V  for  FePc/GNS,  FePc/CNTs  and 
FePc/AB,  respectively.  Moreover,  the  voltage  gap  between  discharge 
and  charge  after  30th  cycle  was  increased  to  1.3, 1.2  and  1.25  V  for 
FePc/GNS,  FePc/CNTs  and  FePc/AB,  respectively.  It  is  thus  indicated 
that  the  cyclic  performance  of  all  measured  samples  were  degraded 
with  increasing  cycle  numbers.  Especially,  the  FePc/GNS  showed 
the  higher  voltage  gap  after  30th  cycle  in  comparison  with  both 
samples,  even  though  the  voltage  gap  at  1st  cycle  was  lower  than 
those  of  both  samples.  Meanwhile,  the  degree  change  of  voltage 
gap  between  1  st  and  30th  cycle  for  FePc/CNT  and  FePc/AB  revealed 
less  (0.35,  0.2  V)  than  that  of  FePc/GNS  (0.63  V).  This  showed  that 
the  FePc/CNTs  and  FePc/AB  are  much  more  stable  under  studied 
conditions.  Previously,  we  have  reported  that  the  GNS  with  many 
defects  or  vacancies  on  the  surface  was  susceptible  to  corrosion 
during  charge— discharge  process  than  that  of  heat-treatment 
due  to  the  reconstruction  of  graphite  surface  by  heat-treatment 
[7],  Thus,  such  difference  in  durability  of  cycle  performance 
depends  on  the  carbon  materials  may  be  attributed  to  the 
morphology  and  to  the  difference  surfaces  structure  of  carbon 
consisting  of  graphene  sheet. 


Fig.  6.  SEM  images  of  FePc/GNS  (a)(b),  FePc/CNTs  (c)(d),  and  FePc/AB  (e)(f). 
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Fig.  5  shows  the  Raman  spectroscopy  of  FePc/CNTs,  FePc/GNS, 
FePc/AB  and  FePc.  The  Raman  signals  attributed  to  FePc  could  be 
observed  in  the  spectra  of  FePc/GNS,  FePc/CNTs  and  FePc/AB.  It 
might  be  considered  that  FePc  was  fixed  with  carbon  materials  such 
as  GNS,  CNTs  and  AB,  and  the  electronic  characteristics  of  carbons 
and  FePc  were  not  almost  changed  after  doping.  However,  the 
Raman  spectrum  of  FePc/GNS  showed  the  strong  intensity  of  peak 
originated  from  FePc  comparison  with  FePc/CNTs  and  FePc/AB, 
indicating  that  the  FePc  was  not  fixed  uniformly  on  surface  of  GNS. 
Furthermore,  Raman  spectra  of  the  all  measured  samples  also 
showed  the  G  band  at  about  1580  cm-1,  which  originated  from  the 
Raman-active  E2g  mode  of  carbon  and  reflect  the  structure  of  sp2 
hybridized  carbon  atoms  [19,20],  The  G  band  for  all  FePc/carbon 
didn’t  reveal  any  notable  change,  so  there  is  no  prominent  charge 
transfer  between  carbon  materials  and  FePc.  However,  we  didn’t 
observe  any  significant  difference  in  the  Raman  result  for  all  FePc / 
carbon  catalysts. 

SEM  measurements  were  also  carried  out  to  observe  the 
morphology  of  the  FePc/carbon.  Fig.  6  displays  the  typical  SEM 
images  obtained  for  FePc/GNS,  FePc/CNTs  and  FePc/AB.  The  SEM 
images  showed  the  FePc  was  deposited  locally  and  agglomerated 
each  other  on  the  GNS  (Fig.  6(a,b)).  Additionally,  the  CNTs  also  were 
not  mixed  with  the  FePc  homogeneously.  On  the  other  hand,  it  was 
confirmed  that  the  FePc  was  fixed  on  AB  homogeneously,  because 
we  could  not  find  the  FePc  in  the  AB. 

The  detailed  mechanism  of  electrochemical  performance  for  FePc 
catalysts  supported  on  various  carbon  materials  is  not  yet.  However, 
it  was  found  that  not  only  the  electrocatalytic  activity  of  ORR  was 
enhanced  by  combination  between  FePc  and  carbon  materials,  but 
also  the  electrochemical  performance  for  Li— air  battery  significantly 
depends  on  the  kind  of  carbon  substrate  materials.  The  difference 
may  be  attributed  to  the  difference  morphology  and  surface  struc¬ 
ture  of  carbon  substrate  materials.  It  is  considered  that  the  high 
electrochemical  performance  of  FePc/CNTs  is  ascribed  to  the  one 
direction  morphology  with  the  flat  surface  structure  of  CNTs,  which 
is  easy  to  adsorb  FePc  on  CNTs  by  non-covalent  7r— 7t  interactions  and 
lead  to  good  electro  conductivity.  It  is  thus  expected  that  controlling 
the  carbon  substrate  for  catalysts  leads  to  further  enhanced  catalytic 
activity  of  electrocatalysts  for  Li— air  battery. 

4.  Conclusions 

We  prepared  a  composite  of  FePc  and  various  carbon  supports 
such  as  CNTs,  GNS  and  AB  and  investigated  its  ORR  performance 


and  electrochemical  performance  of  Li— air  batteries  with  hybrid 
electrolyte.  The  electrochemical  examination  of  the  ORR  shows  that 
the  FePc  catalysts  supported  on  various  carbon  revealed  the  high 
catalytic  activity  toward  ORR  with  4-electron  pathway  for  oxygen 
reduction.  However,  the  electrochemical  performance  of  Li— air 
battery  showed  that  the  FePc/CNTs  exhibited  the  highest 
discharge  performance  and  good  stability  of  cyclic  performance 
comparison  with  both  samples.  It  is  considered  that  the  electro¬ 
chemical  performance  varied  depending  on  the  carbon  materials 
used  as  support  of  FePc.  The  results  of  present  work  suggest  the 
import  factor  leading  to  both  high  ORR  activity  and  high  electro¬ 
chemical  performance  of  Li-air  is  the  combination  between  FePc 
and  carbon  materials  with  electrical  properties  and  crystallo¬ 
graphic  structure. 
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